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Significant  progress  has  hern  made  during  the  past  two  years 
in  the  development  of  millirieier  wave  supercondiu;t  ing  devices. 

The  present  status  of  bolometric  detectors  and  mixers,  .fosephsoii 
effect  mixers,  ijuasipartl  c le  iiiixerr.,  and  Joseplison  etfect  paramet- 
ric amplifiers  will  be  reviewed.^ 

\ 

INTKOnUCTION 

The  history  of  high  frequency  analog  superf:onductin(  devices 
has  been  one  of  an  embarrassment  of  riches.  Hany  typos  of  devices 
have  been  explored  which  have  wor'r.eil  niore  or  less  will.  in  t iie  last 
few  years,  however,  it  has  beccmc  increasingly  clear  tiiat  (lie  most 
useful  devices  will  probably  be  those  that  perform  t lie  conventional 
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functions  of  detection,  mixing  and  amplification.  Ttie  author  ’ 

3 

and  others  have  published  reviews  which  describe  many  of  the  com- 
plexities of  tlris  subject.  Tlie  matt'rial  in  these  reviews  remain-o 
generally  valid.  Tiie  purpose  of  t iu-  pre.scnt  article  is  l^Krt■.f(^re 
to  report  on  progress  made  since  19/ b. 

SUFEKCONDl’CriNG  liOLOMETERS 
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published  of  the  deve  1 ojii.ient  of 
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barge  area  (0.16  em  ) 
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A complete  description  ha.s  b. 
superconducting  bolometers  at  Berkeley 

slo\/  (t  “ 83  ms)  sensitive  (NEP  + 1.7  x lO  W//llz)  bolometers 
have  been  made  for  use  as  square  law  (power)  detectors  at  millimeter 
and  submillimeter  wavelengths.  The  thermometer  Is  a superconducting, 
A1  film  operated  at  its  transition  temperature  of  1.3K,  which  is 
AC  biased  and  read  out  through  a bridge  circuit  and  a stip  up  trans- 
former. The  radiation  is  absorbed  in  a Bi  film  on  the  back  side 
of  a sapphire;  substrate  which  al.so  supports  the  thi>riTiometer  film. 
The  submillimeter  absorptivity  has  been  shown  to  be  53  i 5 percent 
compared  with  a theoretical  value  of  50  percent.  This  bolometer  was 
the  first  one  reported  to  approach  the  theoretical  noise  limit  set 
by  thermodynamic  energy  fluctuations.  Recently  similar  composite 

bolometer  structures  with  semiconducting  thermometers^ 

A 

comparable  results  at  He  temperatures  and  significantly  bet 
3 

temperatures.  The  status  of  development  o 
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devices  is  summarized  in  Table  I. 

Table  I Perforniauce  characteristics  of  4 x 4inm  composite  bolometers 


Thermometer 

Superconducting  A1 

Ge  :Ga 

Ge; lu:Sb 

Bath  Temperature  (K) 

1.27 

Y72 

.35 

Thermal  Conductance (W/K) 

2 X 10  ' 

6 X lo"® 

1.7  X lo"'' 

Time  Constant  (ms) 

83 

25 

6 

Electrical  NEP  lU/ ‘'liil  . 

-15 

1 1.7  10 

- 1 

6 X 10~  _ 

Exploratory  experiments  have  been  carried  out  recently  at 
Berkeley  to  invest  ip, ate  the  use  of  the  superconducLinp,  bolometer  as 
an  efficient  thermal  heterodyne  mixer.  Such  a device  is  al)le  to 
operate  at  any  Kl’  freciiicncy  that  can  be  coupled  into  it.  The  1)' 
bandwidth  is  limited  to  the  thermal  relaxation  frequency.  It 
should  therefore  be  similar  in  operation  and  applications  to  the 

InSb  hot  electron  mixer^  which  has  found  uses  in  radio  astronomy 

at  near  millimeter  wavelengtlis  despite  its  limited  IF  bandwidth  of 

~ 3IIHz.  Anotlier  possible  application  is  to  near-millimeter  rad.ir 

whore  the  bandwidth  required  is  small.  The  thermal  relaxation 

frequency  can  be  selected  over  a wide  range.  A bandwidth  of  a few 

MHz  can  be  obtained  with  a thin  film  structure  immersed  in  siiper- 
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fluid  He  , or  Impedance  matched  to  a substrate.  In  structures  sik  h 

as  point  contacts  and  variable  thickness  bridges,  where  the  excited 

quasipart iclcs  escape  into  the  surrounding  inetaJ , much  higher  re- 

9 

taxation  frequencies  and  therefore  IF  band\i/idt hs  are  expected. 
Thermal  nixing  has  often  been  sen  in  healing  dominated  Josephson 
structures. 

For  a low  noise  mixer  it  is  necessary  to  a])ply  a large  enough 
local  oscillator  power  to  obtain  a power  conversion  efficiency 
n = ^ Impedance  s\7ing,  from  the  superconducting  to 

the  normal  stati-  is  in  fact  large  enough  to  achii^vc  ri  ~ 1,  if 
thermal  runaway  can  be  avoided.  Thermal  runaway  occur.s  in  a cur- 
rent biased  .superconductor  because  the  power  dissipated  by  the  bias 
Increases  with  increasing  temperature.  The  best  results  that  have 

been  achieved  thus  far*^  with  A1  film  mixers  In  superfluid  He  is 
?1  - 0.04  and  ~ LMIlz.  These  v.ilues  are  not  yet  competitive,  but 

no  firm  limit  lias  been  reached. 

JOSEPHSON  EFFECT  Ml.XER 

The  use  of  a Josephson  effect  mixer  with  external  local  oscil- 
lator as  a harmonic  mixer  for  frequency  comparison^ Is  the  only 
case  in  which  a Josephson  effect  high  frequency  device  has  over 
been  used  In  a practical  application  for  which  it  was  the  optimum 
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devii’ii.  Recently  there  has  beeti  consliierahlc  Itope.  that  point 
contact  Jospphson  -j  unit  ion  mixers  operated  with  an  external  local 
oscillator  will  serve  as  practical  efficient  low  noise  receivers 
for  npar-mi]l:riieter  wave  1 engl  lis . 

Table  II  shows  exper  imer.t  a 1 results  for  mixer  noise-  tempera- 

1 2”  ] *3 

tore  obtained  by  several  groups  cit  a vr.i  'ey  of  frequencies. 

Table  II  Mixer  noise  temperature  T^  of  several  point  contact 
Josephson  effect  mixers  compared  with  the  theoretical  prediction 
of  40  T 

eff 


Frequency  (GHz) 

Temperature  (K) 

40  T^^^  (K) 

Experimental  T„  (K) 

n 

36 

i . 4 

66 

54 

120 

6 

266 

120 

130 

4.2 

204 

180 

432 

4.2 

465 

400-1000 

The  Ooddard  work  at  130  Giiz  is  cif  partic-ular  interest  hocaiisc  it 
employs  point  contacts  which  can  be  recycled  repeatedly  without  a 
sip.niticant  change  in  their  char  cc  t eri st  1 cs. 

in  order  to  understand  the  optimization  of  this  device  quanti- 
i 6 

tativoly,*  an  analog  ■junction  simulator  has  heen  used  to  compute 
the  detailed  experimental  parameters  of  an  equivalent  circuiit  wliicli 
is  c-hosen  to  represent  the  actual  mixer  as  closely  as  pos.sible. 
llie  resistively  sluinted  junction  model  is  Irabeded  in  a series  rc'S- 
ona.it  lU'  input  c irruit  with  signal  and  local  oscillator  source 
resist. ince  R^.  Tlie  DC  bias  cir-nit  is  clecouplec.  at  RF  frequencies 

by  an  inductor.  Noise  is  reintn.en  t ed  by  an  cdu  ivcilent  quasiparticlt 


by  an  inductor.  Noise  is  reintn.en  t ed  by  an  cdu  ivcilent  quasiparticle 

■? 

noise  current  source  whirl',  li.is  the  form  1 = 2kTb/R  in  the  thermal 

n 

limit  when  2kT^hv  and  1 ^ » hvli/K  in  the  plioton  limit  wlieti  hv^2kT. 


Here  B is  tlie  bandwidth  and  R the  junction  shunt  resistance. 

Qiias  ipart  ic  Le  shot  noise  is  not  imporlant  in  this  device  since 

hvreV.  Tiiere  is  some  uncertainty  .■ihcnit  the  ni'cd  for  an  additional 

I’air  sliot  noise  term  in  this  sinailation.  The  point  contact 

junction  is  not  well  enough  cli;tra(  t eri  zed  to  answer  the  question 

theoretically  and  the  experimental  t'vidence  appears  to  be  contra- 

w . 12,17 

die  t ory . 

In  the  simulation,  tlic  output  is  represented  by  an  equivalent 
circuit  consisting  of  an  IF  curreni  generator  in  series  with  the 
dynamic  resistance  of  the  junction.  One  important  result  of  the 
simulations  is  a value  for  llic  equivalent  imtput  noise  current 


in  the  thetnial  limit  and 


In  the  photon  limit. 


If  the  input  coupling  Is  weak  (Rj.>4R)  then  and  are  nearly 
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Identical  functions  of  the  normalized  frequency  0 = hv/2eI^R 

over  the  range  0.1<n<l.  Experimental  measurements  of  (U)  for 
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weakly  coupled  junctions  at  36  and  130  GHz  lie  within  a factor 

2 above  the  calculation  for  0.1<0<1.  The  similarity  of  and 

shows  that  the  noise  In  the  photon  limit  can  be  represented 
by  replacing  the  ambient  temperature  T by  an  effective  temperature 
hv/2k  when  hv>2k. 

For  efficient  mixer  operation  it  is  necessary  to  counle  the 
junction  relatively  tightly  to  the  input  RF  circuit,  so  that 
1<(R^,/R)<4.  In  this  case  the  mixer  performance  becomes  a complica- 

ted  function  of  nearly  all  of  the  mixer  parameters.  The  simulator 
was  used  to  explore  the  parameter  spare  to  predict  conversion  ef- 
ficiency and  mixer  noise  temperature  for  the  assumed  equivalent  cir- 
cuit. Conversion  efficiencies  >0.3  are  available  for  0.1<i2<l.  'J'he 
beat  value  of  single-sideband  mixer  noise  temperature  computed  was 

T = 40T  (0.1<0<1)  where  T is  the  larger  of  the  ambient  temp- 

M eft  erf 

erature  or  hv/2k.  The  theoretical  predictions  a r^e' compared  with 
experiments  in  Table  II.  Although  these  experimental  results  rep- 
resent the  lowest  mixer  noise  temperatures  reported  in  this  frequen- 
cy range,  the  margin  of  improvement  over  cooled  conventional 
Schottky  diode  mixers  is  not  very  wide.  It  is  of  importance  for 
the  future  Josephson  mixers  to  obtain  better  results.  The  simula- 
tions do  not  preclude  the  possibility  of  T < 40T,  if  a more  favor- 

able  mixer  circuit  is  discovered.  It  may  be  that  this  lias  occurred 

In  the  work  at  120  GHz.^^ 

QUASI  PART! 'LE  MIXERS 

The  I-V  curve  for  quasipartlcle  tunneling  in  superconductor- 
insulator-superconductor  (SIS) , superconductor-insulator-normal 
metal  (SIN),  and  supercondurtor-insulat or-semironductor  (super- 
Schottky)  junctions  has  sharp  enough  curvature  that  their  use  in 
classical  mixers  and  detectors  is  very  promising.  The  super- 
Schottky  is  the  most  extensively  explored  device  of  this  type.  The 

mixer  noise  temperature  of  'f  » 6K  and  Video  NEP  = 5 x ]0  V//Uz 

^ 18 

observed  at  X-band  by  the  Aerospace  group  are  an  order  of  magni- 
tude better  than  has  been  observed  wltli  any  other  diode.  As  with 
the  conventional  Schottky  diode,  the  limit  to  the  operating  frequen- 
cy is  set  by  the  discharge  of  the  junction  capacitance  through  the 
series  (spreading)  resistance  in  the  semiconductor.  The  cut-off 
frequency  has  been  quite  low  in  the  super-Schottky  diodes  used  thus 
far.  Super-Schottky  diodes  with  very  thin  single  crystal  Si  as  the 

19  20 

semiconductor  layer  are  now  being  fabricated  ’ which  arc  expected 
to  extend  the  operating  range  of  these  very  promising  devices  to 
higher  frequencies. 
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Prellminai  y oxpei  Imeni s have  bej'iui  at  Berkeley  and  Boulder 
to  explore  the  properties  of  classical  nnxinp  in  SIS  aiifl  STN  tunnel 
junctions.  The  SIS  case  has  larp.er  curvature  in  the  1-V  curve,  lujt 
Is  coapl  Ica^tad  hy  the  Jusephson  effect.  It  is  not  pronlsing  to  use' 
an  SIS  tunnel  Junction  as  a Josepltsoii  mixer  with  an  extc-rnal  local 
oscillator  because  junctions  with  .suf  f i c current  density  to 

cllmlaate  the  hy.steresis  on  the  I-V  curve  are  not  yet  available, 

22 

and  the  hysteretlc  .losephson  mixer  is  rather  noisy.  Only  a 
modcr.ite  critical  c urient  density  is  required,  however,  to  make  a 
classical  mixer  at  mi lii meter  wavelengths.  It  appears  to  be 
sufficient  to  make  the  capat'i  tat  ive  reactance  of  the  shunt 
capacitance  at  the  operating  frequency  large  eompaied  with  t he 
normal  resistance  of  the  Junction.  This  oci:urs  at  3b  CHz  in  Pb-Pb 

2 

Junctions  with  a current  density  of  ~ 300A/cm  . Another  require- 
ment is  that  the  Junction  resistance  be  large  enougli  to  match 
easily  tt)  tlie  RF  and  microwave  circuits.  Junction  resistances 
in  the  nelghborbood  of  lOOf/  are  available  with  Junction  dimensions 
of  a few  pm. 

When  an  increasing  local  oscillator  power  is  applied  to  an  SIS 
Junction,  Josephson  steps  move  out  to  Larger  voll.'iges.  When  the 
Josephson  steps  appear  near  the  knee  in  the  quasipari icle  tunneling 
curve,  which  is  the  DC  bias  point  chosen  for  this  mixer,  tlien 
strong  Josephson  mixing  effects  are  seen.  This  occurs  wlien  flic 
.swing  in  the  local  oscillator  voltage  is  wide  enough  to  include 
zero  voltage.  For  smaller  amounts  of  local  oscillator  power,  the 
I-V  curve  In  the  neighborhood  of  the  bi.as  point  is  dominated  by 
photon  assisted  tunneling  effects  and  essentially  classical  mixing 
pheftomena  are  seen.  Although  the  mixer  noise  in  this  t.todi'  appear.s 
21 

to  be  qi»lte  low,  detailed  mt  , surenuiiu s have  not  yet  been  made. 


EXTERNALLY  PliMPF.D  PAR.VIKTKIC  AMPLIFIER 
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Josephson  effect  parametric  amplifiers  with  both  Internal  ’ 

and  external  pump  Itave  been  explored.  Tliere  has  been  more  progress 

with  the  externally  pumped  devices  recently  so  this  discussion  will 

focus  on  them. 

We  first  consider  the  four  photon  doubly  degenerate  parameHrir 
amplifier  or  SUPAKjWP  invented  by  Chi. to  whiih  has  (i  ^ 

Detailed  theoretical  Investigations  of  this  device  liave  been  carried 

25  26 

out  by  Chiao  and  his  coworkers  at  Berkeley  ’ based  on  the  assumj)- 
tlon  that  the  Josephson  element  is  itF  voltage  biased.  All  of  the 
early  experimental  work,  however,  was  carried  out  with  series  arrays 
25  27 

of  Dayem  bridges  or  point  contacts  which  were  RF  current  biased. 
Efforts  have  been  made  to  produce  an  adequate  theory  of  the  current 
27 

blaaed  device.  Significant  gain  has  been  observed  at  frequencies 
28 

as  high  as  36  GHz,  but  the  gain  Is  accompanied  by  amplified 
Junction  noise  which  appears  to  be  related  to  phase  instabilities 


r 
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that  occur  when  the  RF  current  exceeds  I . 

c 

A new  experimental  approach  has  been  made  by  the  Gothenber}' 

30 

group  who  have  operated  a SUPARA*1P  constructed  from  a series 
array  of  tunnel  junctions.  This  device  is  used  in  a mode  in  which 
each  Junction  is  RF  voltage  biased  by  th(  parallel  Junction  capaci- 
tance. A magnetic  field  in  the  plane  of  the  Junctions  is  used  to 
adjust  the  amplifier  to  an  operating  point  with  large  (non-reentrant) 
gain.  Very  good  agreement  is  found  between  the  performance  of  liiis 

2S 

amplifier  and  tlie  theory  of  the  voltage  biased  SUPAR.VIP. 

An  entirely  separate  line  of  development  of  externally  pumped 
•losephson  parametric  amplifiers  ha.s  been  pursued  by  the  group  at 
the  Technical  University  of  Denmark.  This  work  started  with  the 
discovery  made  using  a Junction  simulator  that  when  a tunnel 
Junction  is  pumped  at  twice  the  Josephson  plasma  reson.iiice  frequency 
Wj,  then  a parametric  oscillation  is  oxcilcd  at  cj^. 


The  properties  of  a three  photon  singly  degenerate  parametric 
amplifier  with  u)„  = Wp  + were  then  calculated . Sigpiificant 

c ^ X 


gain  has  recently  been  observed  at  X-band  using  n single  Josephson 

, . .32 

tunnel  Junction. 

The  use  of  tunnel  Junctions  in  Joseiihson  higli  frequency 
devices  can  be  considered  to  be  a favorable  development  because  tliey 
are  well  characterized  and  have  minimal  heating  effects.  It  can  ho 
anticipated  that  the  heavy  Investment  in  .losephson  effect  computers 
will  make  stable  reproducible  tunnel  Junctions  available  with  a wide 
variety  of  Junction  parameters. 
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